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Can we generate robust species distribution models at the 
scale of the Southern Ocean? 



































otic	 factors	as	 important	drivers	of	species	distribution	at	broad	spatial	 scale.	The	
addition	of	recent	data	to	the	models	significantly	improved	the	prediction	of	SDM	
and	changed	the	respective	contributions	of	environmental	predictors.	However,	the	
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ecological	 factors.	 During	 the	 Cenozoic,	 Australia	 separated	 from	
Antarctica	 and	 drifted	 northward,	 which	 opened	 the	 Tasmanian	
gateway	 and	 allowed	 the	 Antarctic	 Circumpolar	 Current	 (ACC)	
to	 develop.	 Subsequent	 ocean	 cooling	 led	 to	 a	 partial	 isolation	 of	
Antarctic	biota	from	the	rest	of	 the	world’s	oceans	 (Brandt,	2005;	
Clarke,	 Aronson,	 Crame,	 Gili,	 &	 Blake,	 2004;	 Eastman,	 2000).	
Climatic	 oscillations	 associated	with	 glacial/interglacial	 cycles	 also	
strongly	influenced	the	evolution	of	marine	life	(Allcock	&	Strugnell,	





Eastman,	 2000;	 Portner,	 Peck,	 &	 Somero,	 2007),	 and	 brooding	
(David	&	Mooi,	1990;	Hunter	&	Halanych,	2008;	Sewell	&	Hofmann,	
2011).	 These	 unique	 features	 make	 the	 SO	 a	 fascinating,	 natural	
laboratory	for	eco-	evolutionary	and	biogeographic	studies	(David	&	
Saucède,	2015).
However,	 remoteness	 and	 extreme	 environmental	 conditions	
also	make	 the	SO	a	challenging	 region	 to	carry	out	 field	work	be-
cause	of	limited	access	and	strong	logistical	and	financial	constraints	
(Gutt	 et	al.,	 2017;	Kaiser	 et	al.,	 2013;	Kennicutt	 et	al.,	 2014).	Over	
the	last	10	years,	significant	efforts	have	been	devoted	to	improve	
our	 knowledge	 of	 the	 SO	 biodiversity	 (Gutt	 et	al.,	 2017;	 Kaiser	
et	al.,	2013;	Schiaparelli,	Danis,	Wadley,	&	Michael	Stoddart,	2013).	
Hence,	 in	 the	 framework	 of	 the	 Census	 of	 Antarctic	 Marine	 Life	
(CAML)	 and	 of	 the	 International	 Polar	 Year	 (IPY),	 18	 concurrent	
oceanographic	 campaigns	were	 led	 to	 the	Antarctic	 and	 new	bio-















to	 fill	 in	 these	 gaps.	Offering	 a	 baseline	 for	 detecting,	monitoring	
and	predicting	 the	 impact	 of	 climate	 change	on	 species	 and	biota	
distribution	 (Gutt	 et	al.,	 2015,	 2017;	 Kennicutt	 et	al.,	 2015).	 SDM	
are	 often	 applied	 to	 conservation	 issues	 and	 in	Marine	 Protected	
Area	 designation	 processes	 (Franklin,	 2013;	 Guisan	 et	al.,	 2013;	
Rodríguez,	 Brotons,	 Bustamante,	 &	 Seoane,	 2007).	 A	 growing	
number	of	large-	scale	SDM-	based	studies	have	recently	been	pub-
lished	 for	 the	 SO	 (plankton,	 top	predators,	 fish,	 and	 cephalopods)	
(Duhamel	et	al.,	2014;	Loots,	Koubbi,	&	Duhamel,	2007;	Nachtsheim,	
Jerosch,	Hagen,	Plötz,	&	Bornemann,	2017;	Pinkerton	et	al.,	2010;	
Thiers,	 Delord,	 Bost,	 Guinet,	 &	 Weimerskirch,	 2017;	 Xavier,	
Raymond,	 Jones,	&	Griffiths,	 2016).	 SDM	developed	 for	Antarctic	
benthic	organisms	are	restricted	to	few	case	studies	including	deep-	
sea	 shrimps	 (Basher	 &	 Costello,	 2016),	 cirripeds	 (Gallego,	 Dennis,	
Basher,	Lavery,	&	Sewell,	2017)	and	echinoids	(Pierrat	et	al.,	2012).
A	wide	 variety	 of	 SDM	methods	 have	 been	 proposed	 (Elith	&	
Graham,	 2009;	 Elith	 et	al.,	 2006),	 but	 several	 of	 their	 limitations	
have	also	been	identified	(Beale	&	Lennon,	2012)	for	which	relevant	
techniques	 have	 been	 developed	 (Barry	 &	 Elith,	 2006;	 Dormann,	
Purschke,	Márquez,	Lautenbach,	&	Schröder,	2008;	Dormann	et	al.,	
2007;	 van	 Proosdij,	 Sosef,	 Wieringa,	 &	 Raes,	 2016).	 Examples	 of	
such	limitations	are	the	effect	of	sampling	effort	 (Clarke,	Griffiths,	
Linse,	 Barnes,	 &	 Crame,	 2007;	 Griffiths	 et	al.,	 2009),	 sample	 size,	
and	the	addition	of	new	records	on	model	accuracy	with	the	poten-
tial	to	impact	model	predictions	and	performance	(Aguiar,	da	Rosa,	
Jones,	 &	Machado,	 2015;	Wisz	 et	al.,	 2008).	 Bias	 in	 spatial	 data-
sets	 also	 remains	 a	 critical	 issue	 for	 SDM	predictions.	 Spatial	 bias	
in	 sampling	 records	 can	 translate	 into	 a	 bias	 in	 the	 environmental	
space	and	lead	to	inaccurate	inferences	and	predicted	distributions	
(Bystriakova,	 Peregrym,	 Erkens,	 Bezsmertna,	 &	 Schneider,	 2012;	





broad-	niche	 species	with	wide	distribution	 range	 tend	 to	be	more	
sensitive	to	the	quantity	of	data	available	than	for	narrow	niche	spe-
cies	with	restricted	distribution	range	(Hernandez,	Graham,	Master,	
&	Albert,	 2006;	Tessarolo,	Rangel,	Araújo,	&	Hortal,	 2014).	 Saupe	
et	al.	(2012)	have	also	explored	different	configuration	of	major	fac-
tors	 that	constrain	 species	distributions	 (abiotic	 factor	and	disper-






cies	 should	 be	 more	 constrained	 by	 dispersal	 limitation	 as	 in	 the	
Wallace’s	Dream	distribution	model.
Can	 reliable	 and	 meaningful	 SDMs	 be	 generated	 for	 marine	
organisms	at	the	scale	of	the	SO?	What	is	the	effect	of	sampling	
effort,	of	species	ecology	and	biogeography	on	model	robustness?	
In	 the	 present	work,	 we	 assessed	 the	 reliability	 and	 robustness	
of	 large-	scale	 SDMs	 in	 the	 SO	 and	 tested	 the	 impact	 of	 sam-




paigns	 performed	 during	 the	 CAML	 and	 IPY	 period.	 To	 test	 for	




been	 taken	 into	 account,	 endemism	 and	 dispersal	 limitations	 by	











(Barker	&	 Thomas,	 2004).	 It	 flows	 eastwards	 and	 is	 associated	 to	
several	marine	fronts	that	form	narrow	boundaries	and	partly	isolate	
warmer	 Subtropical	 waters	 in	 the	 north	 from	 colder	 Subantarctic	





Boundary	 (SACCB)	 (Figure	1).	 The	PF	plays	 an	 important	 role	 as	 a	
biogeographic	barrier	to	species	latitudinal	dispersal.
2.2 | Occurrence records and studied species









with	data	available	before	 the	CAML	period,	 then,	a	 second	data-
set	with	all	occurrences	sampled	until	2015.	Five	echinoid	species	
were	selected	based	on	their	contrasting	auto-	ecological	traits,	dis-
persal	 capabilities	 and	 biogeographic	 patterns	 (Table	1).	 They	 be-
long	 to	 two	 families:	 the	Echinidae	 (Dermechinus horridus	 (Agassiz,	
1878),	Sterechinus diadema	(Studer,	1876),	and	Sterechinus neumayeri 
(Meissner,	1900)),	and	the	Cidaridae	 (Ctenocidaris nutrix	 (Thomson,	
1876)	 and	Rhynchocidaris triplopora	 (Mortensen,	 1909).	 S. neumay-
eri and R. triplopora	are	exclusively	distributed	 in	Antarctic	waters,	
south	 of	 the	 PF,	 whereas	 C. nutrix and S. diadema	 occur	 on	 both	
sides	of	 the	PF.	D. horridus	 is	 a	Subantarctic	 species	distributed	 in	
the	north	of	the	PF.	The	selected	species	of	Cidaridae	are	brooders	
and	the	Echinidae	are	broadcasters.	Most	of	the	Antarctic	Cidaridae	











24  |     FABRI- RUIZ et Al.
Sterechinus neumayeri and Sterechinus diadema	 have	 been	 recently	
identified	 as	 distinct	 genetic	 units	 (Díaz,	 Féral,	 David,	 Saucède,	 &	
Poulin,	2011);	Ctenocidaris nutrix,	Rhynchocidaris triplopora	(Lockhart,	





previous	 studies	works	 (David,	 Choné,	Mooi,	&	De	Ridder,	 2005).	
These	 descriptors	 were	 compiled	 from	 different	 sources	 (Fabri-	
Ruiz	et	al.,	2017)	and	adjusted	to	the	same	grid	cell	size	(0.1°)	using	
r	 3.4	 (R	Core	Team,	2017)	 and	 the	 raster	 package	 (Hijmans	&	van	
Etten,	2012).	Prior	to	modelling,	colinearity	between	variables	was	







Geomorphology,	 Depth,	 Seafloor	 oxygen	 mean,	 Seafloor	 salinity	
mean,	Sea	surface	salinity	mean,	Slope,	Seafloor	temperature	mean,	




most	 stable	 approach	 and	 showing	 the	 highest	 predictive	 perfor-
mance	(Supporting	Information	Figures	S1.1	and	S1.2).	The	Random	




pute	 RF	 are:	 mtry	=	the	 square	 root	 of	 the	 number	 of	 variables,	






































infringes	 the	 «independent	 errors»	 assumption	 and	 can	 artificially	
inflate	 type	 I	 errors	 in	models.	 To	 correct	 for	 SAC	 in	 our	models,	
several	replicates	of	pseudo	absence	selection	were	generated	for	
calibration.	Then	SAC	was	quantified	on	 residuals	with	 the	Moran	




2.5 | Assessment of model performance
The	quantitative	evaluation	of	model	performance	helps	determine	the	
adequacy	between	SDM	and	occurrence	data.	In	SDM	studies,	mod-






Ctenocidaris nutrix Rhynchocidaris triplopora Dermechinus horridus Sterechinus diadema Sterechinus neumayeri
Dispersal	mode Brooder Brooder Broadcaster Broadcaster Broadcaster
Distribution Antarctic/Subantarctic Antarctic Subantarctic Antarctic/Subantarctic Antarctic
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records	 collected	 after	 2005	 (including	 presence	 and	 absence	
data).	The	analysis	aims	to	evaluate	how	well	SDM	generated	with	
the	 2005	 dataset	 predict	 new	 occurrences	 collected	 after	 2005.	













using	 the	 environmental	 hypervolume	 approach	 (Blonder,	 Lamanna,	
Violle,	&	Enquist,	2014;	Blonder	et	al.,	2018).	This	method	is	based	on	








3.1 | Evolution of sampling effort through time
The	sampling	effort	 (in	terms	of	occurrence	records)	has	markedly	
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RV	Marion Dufresne	on	 the	Kerguelen	Plateau	and	of	 the	RV	Hero 
along	the	Antarctic	Peninsula	strongly	contributed	to	increasing	the	
overall	 number	 of	 occurrence	 records	 after	 the	 campaigns,	 espe-
cially	for	two	species,	S. diadema and S. neumayeri.	A	second	phase	
of	important	increase	was	reached	in	years	2000,	mainly	triggered	
by	the	campaigns	carried	out	under	the	umbrella	of	CAML	and	the	
IPY	along	with	some	former	 (R. triplopora and D. horridus)	 and	side	
campaigns	(C. nutrix	on	the	Kerguelen	Plateau)	during	the	same	pe-





the	 Antarctic	 shoreline,	many	 specimens	 being	 sampled	 by	 scuba	
diving.	Despite	specific	patterns	of	the	evolution	of	sampling	effort,	




Overall,	 for	 each	 species,	 SDMs	 run	both	with	 all	 data	 available	
until	2005	(before	CAML)	and	all	data	until	2015	(including	CAML	
data)	 show	 high	 predictive	 performances	 with	 TSS	 values	 >0.8	
(Figure	3),	 which	 indicate	 a	 relatively	 good	 match	 between	 ob-
served	and	predicted	occurrences.	This	is	particularly	the	case	for	
D. horridus,	with	TSS	values	above	0.90,	while	 for	 the	other	 four	
species	TSS	values	are	between	0.8	and	0.90.	There	are	significant	
differences	 in	TSS	values	between	the	two	SDMs	with	the	addi-









species	 (Table	2).	 In	all	 species	but	S. diadema,	 the	mismatch	be-
tween	observed	and	modelled	data	 is	mainly	due	 to	 the	propor-
tion	of	FP,	which	 is	not	counterbalanced	by	TP	and	TN.	FP	were	
mainly	identified	on	the	Kerguelen	Plateau	for	C. nutrix and D. hor-
ridus	(Supporting	Information	Figure	S1.3a,c),	along	the	Antarctic	
Peninsula	 and	 in	 Adelie	 Land	 for	 R. triplopora and S. neumayeri 
(Supporting	Information	Figure	S1.3b,e).	TN	proportions	are	high	
compared	 to	 TP,	 meaning	 that	 SDMs	 are	 mainly	 supported	 by	
absence	records	collected	outside	of	the	species	areas.	TN	were	
mostly	 identified	 on	 the	 Antarctic	 continental	 shelf	 for	D. horri-
dus and C. nutrix,	and	north	of	the	polar	front	for	S. neumayeri and 
R. triplopora,	where	the	species	are	respectively	absent	or	present	




particularly	 high	 on	 the	Kerguelen	Plateau	where	most	 FP	were	
found.	The	proportion	of	FN	is	also	high	 in	S. diadema	compared	
to	other	 species	meaning	 that	 in	certain	areas	 the	modelled	dis-
tribution	was	 underestimated	 compared	 to	 new	 records.	 This	 is	
particularly	true	in	Adélie	Land,	and	in	the	Ross	and	Weddell	seas	
were	many	 new	 records	were	 reported	 (Supporting	 Information	
Figure	S1.3d).
Overall,	false	predictions	were	not	aggregated	in	the	same	area	
but	 scattered	 in	different	 sectors	depending	on	 species.	 They	 are	
mainly	due	to	the	high	proportion	of	FP	identified	on	the	Kerguelen	
Plateau,	along	the	Antarctic	Peninsula,	in	Adelie	Land	or	in	the	Ross	






Information	 Table	 S1.1).	 For	 Antarctic	 species,	 FP	 are	 mainly	 as-
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3.4 | SDM projection shifts
The	 addition	 of	 the	 records	 obtained	 during	 the	 CAML	 period	
causes	projection	shifts	compared	to	SDM	carried	out	using	pre-	
CAML	data	only	 (Figure	4).	 This	 holds	 true	 for	 all	 species	with	 a	
general	 expansion	 of	 suitable	 areas	 to	 different	 sectors	 of	 the	
Kerguelen	 Plateau	 and	 Antarctic	 continental	 shelf.	 Projection	
shifts	 are	 species	 dependent.	 The	 suitable	 areas	 of	C. nutrix and 
D. horridus	 extend	 to	 the	 Kerguelen	 Plateau	when	 new	 data	 are	
taken	into	account	in	the	models	(Figure	4a,c).	The	distribution	of	
C. nutrix	 is	modelled	over	the	entire	Kerguelen	Plateau	and	along	
the	Antarctic	Peninsula	 following	 a	 patchy	pattern.	D. horridus	 is	
mainly	 modelled	 around	 the	 sub-	Antarctic	 islands.	 For	 R. triplo-
pora and S. neumayeri,	 SDM	outputs	 did	 not	 vary	much	with	 the	
addition	 of	 new	 records	 (Figure	4b,e).	 New	 projections	 confirm	
the	Antarctic	 affinity	 of	 the	 two	 species	 and	 show	an	 extension	
of	the	species	suitable	areas	along	the	Antarctic	Peninsula	and	in	
the	Ross	Sea.	S. diadema	 is	 the	echinoid	with	 the	widest	 circum-
polar	 distribution	 (Figure	4d).	 The	 new	 SDM	 projection	 shows	












C. nutrix <0.05* 64.81 18.89 83.7 12.96 3.33 16.29
D. horridus <0.05* 85.93 4.07 90 9.26 0.74 10
R. triplopora <0.05* 75.19 7.41 82.6 16.30 1.11 17.4
S. neumayeri <0.05* 57.04 10.74 67.78 31.48 0.74 32.22
S. diadema <0.05* 17.41 17.78 35.19 42.96 21.85 64.81
Notes.	Match	(TN	and	TP)	and	mismatch	(FP	and	FN)	proportions	are	given	in	percentage	of	the	total	number	of	records	for	new	data.
*Significant	values	(p	<	0.05)	indicate	a	mismatch	between	the	predicted	distribution	and	new	observed	occurrences.	
F IGURE  4 Projection	shifts	between	SDMs	carried	out	using	recent	CAML	data	or	not	for	(a)	Ctenocidaris nutrix,	(b)	Rhynchocidaris 
triplopora,	(c)	Dermechinus horridus,	(d)	Sterechinus diadema	and	(e)	Sterechinus neumayeri.	Orange	areas	indicate	modelled	suitable	areas	that	
remain	unchanged	between	the	two	SDMs;	in	red	the	extension	of	suitable	areas	in	the	new	projection;	in	blue	the	contraction	of	suitable	
areas	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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3.5 | Contribution of environmental predictors
The	relative	contribution	of	environmental	predictors	to	SDM	in-
dicates	 the	environmental	parameters	 that	best	explain	 the	spe-
cies	niche	 (Figure	5)	 and	determine	 the	extent	of	 suitable	 areas.	
F IGURE  5 Relative	contributions	of	environmental	predictors	to	the	models	performed	without	(left	barplots)	and	with	CAML	data	
(right	barplots).	Colours	indicate	the	increase	or	decrease	in	the	ranked	order	of	each	predictor	between	the	two	SDMs	performed	with	and	
without	new	records	for	(a)	Ctenocidaris nutrix, (b)	Rhynchocidaris triplopora,	(c)	Dermechinus horridus,	(d)	Sterechinus diadema,	(e)	Sterechinus 
neumayeri	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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F IGURE  5B Continued
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Sea	 ice	 is	 an	 important	 parameter	 for	 the	 four	 species	 present	
on	 the	Antarctic	 shelf	 (R. triplopora,	S. diadema,	S. neumayeri and 
C. nutrix).	For	D. horridus,	the	fully	Subantarctic	species,	slope	and	
SSS	 play	 a	 preponderant	 role	 in	 species	 distribution	 (Figure	5c).	
Depth	mainly	contributes	 to	explaining	 the	distributions	of	S. di-
adema and S. neumayeri	 only	 (Figure	5d,e).	 In	R. triplopora,	 many	
parameters	contribute	to	the	models:	geomorphology,	SST	range,	
depth,	 SSS	 range	 and	 seafloor	 temperature	 (Figure	5b).	 In	 con-
trast,	 in	C. nutrix,	 seafloor	 salinity	 and	 sea	 ice	are	 the	main	 con-
tributors	(Figure	5a).
The	addition	of	data	collected	during	the	CAML	period	affected	
the	 respective	 contribution	 or	 the	 rank	 order	 of	 environmental	
parameters	 (Supporting	 Information	Table	 S1.2,	 Figure	5).	 For	 all	
variables,	any	change	 in	 the	ranking	of	 the	variable	 is	not	neces-
sarily	associated	to	a	change	in	contribution	value	of	the	variable	
to	 the	model	but	could	be	due	 to	a	variation	of	 the	contribution	
of	 another	 variable.	Most	 changes	occur	 for	C. nutrix,	S. diadema 
and D. horridus,	while	parameter	contributions	to	SDMs	performed	







3.6 | Compared sampled areas and environments
For	each	species,	we	mapped	occurrence	records	available	for	the	two	
periods	to	identify	new	sampled	areas	during	the	post-	CAML	period	
(Supporting	 Information	 Figure	 S1.4).	 For	C. nutrix,	 new	occurrence	
data	 are	 located	 in	 the	 Antarctic	 Peninsula,	 while	 for	 R. triplopora 
and S. neumayeri,	they	were	collected	in	areas	already	sampled	along	
the	Antarctic	Peninsula	and	 in	the	Ross	sea.	New	records	of	D. hor-











puts	 (Table	1)	 and	 led	 to	 better	 capture	 the	 environmental	 space	
occupied	 by	 the	 five	 species	 (Table	3).	 These	 changes	 lead	 to	 in-
crease	model	performance	and	affect	the	patterns	and	extensions	
of	 species	 potential	 distributions	 as	 well	 as	 the	 contribution	 of	
environmental	 predictors.	 The	 predictive	 performance	 of	 models	
was	assessed	using	two	methods,	the	TSS	metric	and	the	ground-	
truthing	analysis.	The	TSS	value	increased	with	the	addition	of	new	
data,	but	differences	are	significant	for	two	species	only	 (C. nutrix 
and D. horridus)	 and	 values	 are	 usually	 high	 (>0.9)	 for	 all	 models	
(Figure	3).	C. nutrix	 is	 the	species	with	the	highest	number	of	new	







between	the	two	periods	for	S. neumayeri and R. triplopora	because	
most	new	records	fall	into	the	environmental	hypervolume	defined	






an	 independent	 dataset	 was	 obtained	 from	 cruises	 carried	 out	






















Ratio of new points not included 
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Sampling	 gear	 selection	 is	 determined	 by	 the	 extent	 of	 the	
area	to	be	investigated	during	campaigns	and	by	the	target	organ-
isms	to	be	caught.	However,	each	type	of	sampling	gear	presents	
specific	 benefits	 and	 limitations.	 Several	 studies	 have	 empha-
sized	 the	 relevance	 of	 using	 different,	 complementary	 gears	 at	
a	 same	 location	 to	obtain	 a	more	 comprehensive	 assessment	of	
biodiversity	 distribution	 (Bouchet,	 Lozouet,	Maestrati,	 &	Heros,	
2002;	Flannery	&	Przeslawski,	2015;	Ghiglione	et	al.,	2017).	This	
sampling	strategy	was	adopted	in	several	campaigns	such	as	the	
CEAMARC	 campaign	 led	 in	 East	 Antarctica	 (Dettai	 et	al.,	 2011;	
Hosie	et	al.,	2011),	campaigns	ANT	XXIX	and	ANT	XXIII	and	cam-
paign	 JR	 144	 along	 the	 Antarctic	 Peninsula	 (Gutt,	 2008,	 2013;	
Linse,	2006).
4.3 | SDM robustness and the ecological niche
The	addition	of	new	data	to	SDMs	significantly	changed	the	pre-
diction	of	species	distributions	but	the	intensity	of	these	changes	
vary	 between	 species	 as	 a	 function	 of	 ecological	 niche	 width	
(Figure	6).	 SDMs	 generated	 for	 broad-	niche	 species	 with	 high	




modelling	 all	 abiotic	 conditions	 suitable	 to	wide	 niche	 species	 is	




widest	 ecological	 niche	 (Figure	6d).	 Formerly,	 the	 species	 distri-
bution	was	underestimated	but	 the	 species	environmental	 space	
was	better	 captured	during	 the	CAML	 sampling	period,	which	 is	
reflected	 in	model	 outputs.	 In	 contrast,	 in	 narrow	niche	 species,	
species	tolerance	to	the	abiotic	environment	is	low	and	modelling	
species	 ecological	 niches	 is	 less	 difficult.	 In	 our	 study,	 R. triplo-
pora and S. neumayeri	are	two	species	with	relative	narrow	niches.	
Accordingly,	the	addition	of	new	data	induced	few	changes	in	the	
predicted	distributions	 as	well	 as	 in	 the	 contribution	of	 environ-
mental	predictors.
4.4 | The significance of biogeographic barriers
Abiotic	factors	and	dispersal	capacity	are	the	two	main	factors	con-










study.	(a)	C. nutrix,	(b)	R. triplopora,	(c)	D. horridus,	(d)	S. diadema,	(e)	S. neumayeri	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]












responds	 to	 the	Hutchinson’s	Dream-	style	 configuration	of	 Saupe	
et	al.	(2012).	This	means	that	abiotic	factors	(i.e.,	depth,	sea	ice	and	
sea	 floor	 temperature)	are	 the	main	drivers	of	species	distribution	
over	the	study	area.
C. nutrix	 is	a	brooding	species	with	a	much	more	 limited	distri-








The	 two	 species	 S. neumayeri and R. triplopora	 have	 a	 discon-
tinuous	distribution	range	around	the	Antarctic	continent	and	con-
sequently,	 results	 of	 the	 ground-	truthing	 analysis	 showed	 a	 large	







SDMs	 of	 the	 two	 species	 remained	 almost	 unchanged	when	 new	









sub-	Antarctic	waters.	 The	 species	 distribution	 is	 determined	 both	
by	 abiotic	 factors	 and	 a	 biogeographic	 barrier,	which	 corresponds	
to	the	classic	BAM-	style	configuration	(Saupe	et	al.,	2012),	in	which	





4.5 | The relevance of the SDM approach to SO 
biological studies
4.5.1 | The relevance of the SDM approach
According	to	the	ecological	niche	theory,	abiotic	factors	determine	
the	species	fundamental	niche	(no	biotic	interactions),	which	is	used	
as	 an	 approximation	 of	 the	 realized	 niche	 (both	 abiotic	 and	 biotic	
factors	 taken	 into	 account)	 to	 predict	 the	 species	 potential	 distri-
bution	(Elith	&	Leathwick,	2009;	Guisan	&	Thuiller,	2005;	Peterson,	
2011).	The	approach	 is	particularly	 relevant	at	broad	spatial	 scale,	





main	 patterns	 of	 species	 distribution	 (Gogina,	Glockzin,	&	 Zettler,	
2010;	Pierrat	et	al.,	2012;	Reiss,	Cunze,	König,	Neumann,	&	Kröncke,	
2011).	In	the	present	study,	a	restricted	set	of	abiotic	factors	repeat-
edly	 represents	 the	main	 contributors	 to	 SDMs.	 This	 set	 includes	
sea	ice	concentration,	seafloor	and	sea	surface	salinity,	depth,	and	




4.5.2 | SDM and climate change
Identifying	the	main	parameters	that	control	species	distribution	is	
central	 in	 the	 current	 context	 of	 climate	 change.	 The	 SO	 and	 the	
polar	regions	are	facing	some	of	the	fastest	rates	of	environmental	
change	on	 the	 planet	 (Gutt	 et	al.,	 2015;	Helm,	Bindoff,	&	Church,	
2010;	 Jacobs,	 2002;	Meredith	 &	 King,	 2005;	 Turner	 et	al.,	 2014).	






Peck,	 2005;	 Peck,	 Morley,	 &	 Clark,	 2010;	 Peck,	 Webb,	 &	 Bailey,	
2004).	 Typically,	 the	high	Antarctic	 species	S. neumayeri,	 the	most	
studied	 echinoid	 in	 the	 SO,	 shows	 a	 high	 sensitivity	 of	 its	 plank-
tonic	 larvae	 to	 water	 warming	 and	 freshening,	 which	 could	 lead	
to	a	decrease	 in	the	reproductive	and	development	success	of	the	
species	(Cowart,	Ulrich,	Miller,	&	Marsh,	2009;	Ericson	et	al.,	2012).	
Sub-	Antarctic	 echinoids	 such	 as	D. horridus	 could	 be	 expected	 to	
migrate	southward	 if	environmental	conditions	became	warmer	to	
the	south.	On	the	contrary,	narrow	niche	species	that	are	endemic	
to	 the	 Antarctic	 shelf	 and	 strictly	 adapted	 to	 freezing	 conditions	
such	as	S. neumayeri and R. triplopora	might	be	more	 impacted,	es-
pecially	along	the	Antarctic	Peninsula	that	is	subject	to	fast	warming	
(Meredith	&	King,	2005;	Turner	et	al.,	2014).
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If	species	distribution	partly	reflects	abiotic	environmental	con-
straints,	 species	 life	history	 traits	and	plasticity	will	also	condition	
dispersal	 limitations	 and	 the	 capacity	 of	 organisms	 to	 survive.	 In	
our	study,	the	two	brooding	species	R. triplopora and C. nutrix	have	
smaller	distribution	areas	than	the	three	broadcasting	species.	Our	
results	 show	 that	 the	 distribution	 of	 the	Antarctic	 species	R. trip-
lopora	 is	 restricted	 to	 the	Antarctic	 shelf	 like	S. neumayeri	 but	has	
a	less	extensive	distribution.	Similarly,	C. nutrix	is	mainly	located	on	
the	northern	Kerguelen	Plateau	and	 is	 rare	on	 the	Antarctic	shelf.	
Conversely,	 S. diadema and S. neumayeri	 are	 broadcasters	 that	 are	
not	limited	by	biogeographic	barriers	but	are	mainly	constrained	by	
abiotic	conditions.
4.5.3 | SDM, marine protected areas and 
conservation issues







2016),	Heard	 and	McDonald	 Islands	 (Commonwealth	 of	 Australia,	
2014),	the	South	Georgia	and	the	South	Sandwich	Islands	(Trathan	
et	al.,	2014),	and	the	Prince	Edward	 Islands	 (Lombard	et	al.,	2007).	
Moreover,	 MPA	 proposals	 were	 submitted	 for	 the	 East	 Antarctic	
(CCAMLR,	2013)	and	the	Weddell	Sea	(Teschke	et	al.,	2013).	In	this	





approach.	 Presence-	only	 datasets	 have	 to	 be	 used	with	 caution.	














of	 the	SO	that	 remain	under-	sampled.	For	example,	 the	southern	
part	 of	 the	 Kerguelen	 Plateau	 has	 been	 poorly	 investigated	 (De	
Broyer	et	al.,	2014)	while	it	is	a	significant	area	for	the	connectiv-
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